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Description 

AEROSOL PARTICLE ANALYZER FOR 
MEASURING THE AMOUNT OF ANALYTE 
IN AIRBORNE PARTICLES 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] This invention pertains generally to chemical analytical 
and immunological testing, and particularly to processes 
wherein samples are analyzed by using self-operated 
mechanisms or devices, and more particularly to pro- 
cesses wherein a continuously flowing stream of a sample 
or carrier fluid is formed and flows into and through anal- 
ysis wherein the continuously flowing stream is seg- 
mented by alternately injecting a sample, reagent or any 
number of fluids into a common flow path. 

[0003] DESCRIPTION OF THE RELATED ART 

[0004] Recent events have highlighted the need for devices that 
can quickly ascertain and identify the presence of harmful 


materials in airborne particles. There is also a more gen- 
eral need, beyond the biological-warfare (BW) agent de- 
tection problem, for improved methods for measuring an- 
alytes in airborne particles. For example, airborne infec- 
tious agents (bacteria, viruses) transmit many diseases of 
humans, other animals, or plants. Some airborne proteins 
and pollens cause allergies. Improved methods for char- 
acterizing aerosols would be useful for understanding at- 
mospheric chemistry, including the sources, chemical re- 
actions, and fates of atmospheric particles. 
[0005] Here, "airborne particle" refers to both the solid particles 
and liquid droplets in an air sample. The analyte is the 
specific molecule, microorganism, or virus to be identi- 
fied. For example, for biological warfare agents that are 
protein toxins, e.g., ricin, the toxin itself is the analyte. For 
BW agents that are bacteria or viruses, the analyte can be 
a molecule that is specific to the bacteria or virus to be 
detected, e.g., a protein or a DNA or RNA sequence. In this 
case the amount of the analyte is measured; if this 
amount is significantly above a noise threshold, the pres- 
ence of the BW agent is inferred. For BW agents that are 
bacteria or viruses, the analyte can be the bacteria or virus 
itself. 


[0006] Key objectives for some types of instruments needed for 
detecting BW-agents or other analytes in airborne parti- 
cles are: 

[0007] ( a ) Sensitivity. An instrument should be able to measure 
and identify small amounts of a BW-analyte in the parti- 
cles in an air sample, because small amounts of BW agents 
may be lethal. 

[0008] (b) Specificity. An instrument should have a very low rate 
of false positives, i.e., reporting a BW-analyte when it is 
not in the air sample. 

[0009] ( c ) Rapid response. An instrument should have no more 
than a short delay between the time a BW aerosol enters 
the instrument and the time the instrument indicates that 
a BW-analyte has been identified. The sooner people know 
they are under attack, the sooner they can take protective 
measures if available, and/or try to leave the region of ex- 
posure, and/or seek medical treatment. Also, with a suffi- 
ciently rapid alert some people can avoid exposure alto- 
gether. 

[0010] (d) Continuous operation. An instrument should be able to 
run essentially continuously for days or weeks at a time. It 
should run continuously because BW aerosols could ap- 
pear at any time. Presently, "trigger"instruments, which 


run continuously but cannot identify BW-agents, are used 
to tell when to turn on instruments that can identify 
agents. If there were some "trigger"instrument that was 
adequate for telling when to turn on an identifier, there 
would be no need for an identifier. But it is difficult to 
imagine that any of the reagentless techniques being in- 
vestigated or suggested for trigger instruments would be 
able to identify specific BW agents in cases where these 
BW agents comprise a small fraction of the total particles 
in a complex mixture of airborne particles. 

[0011] ( e ) |_jttle need for consumables. An instrument should not 
require large amounts of consumables (e.g., liquids, anti- 
bodies, microscope slides, filters). The more consumables 
required, the fewer BW-aerosol-detection instruments 
that can be maintained in continuous operation. 

[0012] (f) |_jttle need for operator time. If more operator time is 
required, fewer BW-aerosol-detection instruments can be 
maintained in continuous operation. 

[0013] (g) B e aD | e to separate and store particles for further anal- 
ysis. It is desirable to confirm the detection of analyte us- 
ing complementary techniques which may be much less 
rapid. 

[0014] investigators have worked for years to develop instru- 


merits and methods that are useful for detecting airborne 
BW agents. Samples can be collected from air using a vari- 
ety of different collectors, and the collected samples can 
be subjected to many different types of microbiological 
and biochemical analyses. Therefore, the number of pos- 
sible approaches is very large. Because of the importance 
of the problem, progress is being made, e.g., improved 
recognition molecules such as antibodies and aptamers 
for BW agents are being developed; more rapid methods 
of extracting DNA and RNA from spores are being ex- 
plored; methods for detecting very small amounts of ana- 
lytes or very small amounts of antigen-antibody reactions 
are being improved and new methods are being devel- 
oped; improved methods of concentrating airborne parti- 
cles, and collecting them from air are being developed; 
and instrumentation is being developed to perform the 
analysis in an automated fashion, for example, an auto- 
mated flow cytometer has been developed for BW-agent 
detection. 

[0015] None of these methods adequately satisfy the objectives 
stated above simultaneously. Some reasons for these ob- 
jectives not being met simultaneously are as follows. Ob- 
jectives (a) and (b) require sensitivity and specificity. To 


measure the amount of an analyte that is a BW agent or is 
indicative of a BW agent in a complex sample (collected 
from air or otherwise), requires the sample to be mixed 
with one or more liquids, termed here, "analysis liquids." 
At least one of these liquids contains sensor molecules, 
also termed recognition molecules, that selectively bind to 
or interacts with the analyte. Example recognition 
molecules are antibodies and aptamers. Aptamers are 
DNA or RNA molecules that are selected for their ability to 
bind to the analyte. As a result of this binding of the 
recognition molecule to the analyte, some measurable 
property, e.g., fluorescence, must change according to the 
amount of analyte in the sample. That property is mea- 
sured and the amount of analyte is inferred. Objectives (c) 
and (d) require continuous operation for days or weeks, 
and therefore continuous expenditure of consumables. 
Therefore, because of objective (e) limiting consumables, 
each measurement must require only a very small amount 
of consumables. In addition to the consumables used in 
analyzing the sample, consumables are typically expended 
in collecting particles from the air to be analyzed. If the 
particles are collected on filters or impacted on a surface, 
the filter or surface is a consumable unless it is cleaned, 


in which case whatever is used to clean it may be con- 
sumed. In typical analysis procedures for biochemical an- 
alytes in airborne particles, the airborne particles are col- 
lected into a liquid, which tends to evaporate as the sam- 
ple is collected, especially if the air sample is warm and 
dry. 

[0016] The objectives of sensitivity and specificity, suggest 

choosing as analytes specific DNA or RNA sequences, and 
this approach may be applicable for some analytes. How- 
ever, objective (c) for a rapid response makes this ap- 
proach not feasible for spores because 10's of minutes are 
required for the DNA from a spore to be extracted, ampli- 
fied and detected. Also, this approach is not applicable to 
BW agents that do not contain DNA or RNA, such as pro- 
tein toxins. 

[0017] Arnold, Hendrie and Bronk (US Patent Number 5,532,140, 
Method and Apparatus for Suspending Microparticles, 
herein incorporated by reference) described a linear 
quadrupole (LC) with rings to control particle motion. 
They describe how the positions of the charged particles 
can be controlled by moving storage rings that encircle 
the LQ, and they describe how oppositely charged parti- 
cles can be combined by moving them toward each other 


by moving the storage rings. Although the Background 
and the Summary of the Invention mention the problem of 
characterizing atmospheric, and biological warfare agent 
aerosols, there is nothing in the detailed description of 
the invention that suggests colliding an atmospheric 
aerosol particle with a droplet. The two droplets that col- 
lide are each generated with a piezoelectric droplet gen- 
erator and a charging plate, which combination I term a 
charged-droplet generator (CDG). Because the two 
charged droplets are each generated with a CDG, one has 
the impression that the atmospheric particles would first 
be collected into a liquid, and the droplets would be gen- 
erated from this liquid. That approach is valid, but would 
require more liquid for each particle than if each atmo- 
spheric particle of interest is collided with a single 
droplet, and it is susceptible to particles sticking to sur- 
faces, etc. Arnold and coworkers (A. F. Izmailov, A. S. My- 
erson, S. Arnold, "A statistical understanding of nucle- 
ation,"J. Crystal Growth, 196, 234-242 (1999), especially 
Fig. 1 and pages 238 and 240, both herein incorporated 
by reference) further stated that their experiments show 
they "can simultaneously levitate in excess of 100 identi- 
cal microdroplet particles within the same LQELT. These 


particles produce a periodic one-dimensional lattice." M. 
D. Barnes, N. Lermer, C.-Y. Kung, W. B. Whitten, J. M. 
Ramsey, S. C. Hill, "Real-time observation of single- 
molecule fluorescence in microdroplet streams, "Optics 
Letters, 22, 1265-1267 (1997), incorporated herein by 
reference, showed that single fluorescence molecules in 
droplets can be detected. The droplets are generated with 
a droplet generator and a charging ring, a combination 
that comprises a charged droplet generator (CDG), and 
are then confined by a LQ to the axis of the LQ. Laser in- 
duced fluorescence from the single molecule, is detected 
as the droplet flows through a laser beam that is perpen- 
dicular to and passes through the LQ axis. In other exper- 
iments, particles as small as 1 micrometer have been 
shown to have trajectories that remain very near the LQ 
axis. 

[0018] individual droplets can be levitated and their reactions 
with gases or particles can be monitored. See E.James 
Davis and Gustav Schwieger, The Airborne Microparticle, 
Its Physics, Chemistry and Transport Phenomena 
(Springer-Verlag, Berlin, 2002), especially pp. 69-116 
(with references) for electrodynamic levitators, and pp. 
682-714 (with references) for measurements of chemical 


reactions in falling or levitated droplets. A commonly used 
electrodynamic levitation apparatus is termed the electro- 
dynamic balance (EDB). It confines particles in three di- 
mensions. C. L. Aardahl, J. F. Widmann, and E.J. Davis, in 
"Raman Analysis of Chemical Reactions Resulting from the 
Collision of Micrometer-Sized Particles," Applied Spec- 
troscopy, 52, 47-53 showed that two particles levitated in 
an EDB could be combined and the reaction between them 

monitored using Raman scattering. 
Summary of Invention 

[0019] | n consideration of the problems detailed above and the 
limitations in the partial solutions thereto, an object of the 
present invention is to provide an improved aerosol parti- 
cle analyzer (APA) for measuring the amount of analyte in 
airborne particles. In this invention the term "parti- 
cles"includes both solid and liquid particles. 

[0020] Another object of the present invention is to provide an 
APA that is sensitive to a small number of particles that 
contain the analyte in a large volume of air; 

[0021] yet another object of the present invention is to provide 
an APA that is specific for the analyte; 

[0022] yet a further object of the present invention is to provide 
an APA that has a rapid response, with no more than a 


short delay between the time the analyte aerosol enters 
the instrument and the time the instrument indicates that 
an analyte has been identified. 

[0023] yet another object of the present invention is to provide 
an APA that can run continuously. 

[0024] yet another object of the present invention is to provide 
an APA that has a low requirement for consumables. 

[0025] Yet another object of the present invention is to provide 
an APA that has little need for operator time. 

[0026] | n order to attain the objectives described above, accord- 
ing to an aspect of the present invention, there is pro- 
vided an aerosol particle analyzer for measuring the 
amount of an analyte in airborne particles in a gas such as 
the atmosphere. The main parts of this airborne particle 
analyzer are as follows. 

[0027] (j) an analysis liquid that has the following property: when 
the analysis liquid is mixed with particles, the fluores- 
cence of the analysis liquid varies according to the 
amount of the analyte in the particles, so that the amount 
of analyte can be determined from measurements of the 
fluorescence. No wash steps or separation is allowed, that 
is, the analysis liquid used in this present invention must 
be suitable for a homogeneous assay. To achieve the ob- 


jective of specificity, the analysis liquid typically requires 
molecules, such as aptamers, antibodies, nucleic acids, or 
phage-displayed epitopes, that are specific for the ana- 
lyte. To help achieve the objective of sensitivity, the anal- 
ysis liquid typically uses a reporter molecule such as a flu- 
orophore that can be detected even in very low amounts. 

[0028] (jj) a charged-droplet generator ejects a charged-droplet 
of the analysis liquid (CDAL) when signaled to do so. Be- 
cause the CDAL is typically less than micrometers in di- 
ameter, it is possible to eject CDAL at a rate of a few per 
second and still satisfy the objective of using only a small 
amount of consumables. 

[0029] (jjj) a charger that imparts an electrical charge to particles 
drawn through it, where the sign of this charge is oppo- 
site that of the charged droplets of the analysis liquid, so 
that the charged particles will be attracted to the CDAL 
and combine with them. Charging these particles so that 
they combine more efficiently with the CDAL helps reduce 
the requirement for consumables because each CDAL col- 
lects more particles from the gas. 

[0030] (j v ) a particle-droplet-collision subsystem (PDCS) that has 
an electrodynamic levitator that levitates the charged 
droplet of the analysis liquid while the charged particles in 


the gas are drawn past it by a vacuum pump, so that many 
of the charged particles come close enough to the CDAL 
to be electrostatically attracted to it and to collide and 
combine with it. The PDCS also expels the CDAL in a de- 
sired direction via the PDCS-CDAL output when signaled 
to do so. The PDCS provides a way for particles to be col- 
lected from the air sample and to be mixed with the anal- 
ysis liquid very efficiently and without coming into contact 
with surfaces that may become contaminated and require 
cleaning or replacement, and by doing so satisfies the ob- 
jectives of using only a small amount of consumables, and 
because the particles and analysis liquid do not come into 
contact with surfaces, there is less chance for interference 
and this low probability of interference helps contribute to 
the high sensitivity of the APA. 
[0031] ( v ) a vacuum pump connected to the PDCS vacuum con- 
nection that draws the gas and particles into the charger 
gas input and through the charger and then on into the 
PDCS. 

[0032] ( v j) a droplet analysis subsystem (DAS) that accepts the 
CDAL ejected by the PDCS, and levitates these CDAL for 
the time needed for the analyte to react with the analysis 
liquid and for the fluorescence to change if analyte is 


present, and for the time required for measurement of the 
fluorescence. The DAS is substantially airtight, except for 
the hole through which the CDAL is injected, so that water 
vapor leaks relatively slowly from the DAS so that the hu- 
midity in the DAS remains high, so that the CDAL evapo- 
rates slowly, so that there is sufficient time for the reac- 
tion between the analyte and the analysis liquid to take 
place and for the fluorescence to be measured, so that the 
amount of analyte in the particles can be determined. 
[0033] other components used in some embodiments of the APA 
are: 

[0034] (j) a linear quadrupole (LQ) aligned vertically. The gas, 
charged particles, and CDAL are drawn into this LQfrom 
the bottom and are drawn upward through it by the vac- 
uum in the PDCS. The CDAL is larger and heavier, and the 
particles flow past it with a velocity near that of the gas, 
while the CDAL is drawn upward but at a slower velocity. 
As the particles and CDAL move upward, the LQ pushes 
them toward the LQ axis, and the particles and CDAL are 
attracted, because they are charged oppositely, and they 
collide and combine. This LQ can make the APA more 
sensitive because a higher fraction of the particles com- 
bine with the CDAL and are analyzed, and, at least at low 


concentrations of particles, it can reduce the need for 
consumables because with more efficient collisions be- 
tween particles and CDAL, a smaller amount of the analy- 
sis liquid is required. 

[0035] (jj) An aerosol particle concentrator that concentrates par- 
ticles in the air before they enter the charger. It can 
greatly increase the sensitivity of the APA. 

[0036] (jjj) An aerosol particle counter (APC) that measures the 

numbers of particles in different size ranges. This APC can 
be especially useful in cases where it is more probably 
that nonspecific reactions will occur between the analysis 
liquid and other molecules that are not the analyte. If such 
reactions result in changes in fluorescence that appear 
like those that occur with the analyte, then the sensitivity 
is reduced, or the false positive rate is increased. The APA 
must be calibrated so that the mass of the particles that 
combine with each CDAL can be determined from APC 
measurements of the particle size and number. Then this 
measured mass of the particles that combined with the 
CDAL can be used with the fluorescence measurement of 
the CDAL to give the analyte per mass of particles that 
combined with the CDAL. If a very small fluorescence sig- 
nal is measured for a small mass of particles, this is far 


more likely to be analyte than if the same small amount of 
fluorescence were measured for a relatively large mass of 
particles. 

[0037] a novel feature of an embodiment of the APA described in 
the present invention is the ability to:(a)collect charged 
particles from the air efficiently into a very small volume 
of the analysis liquid, i.e., into a microdroplet, while the 
air is flowing somewhat rapidly past the CDAL so that a 
large number of particles can collide with the CDAL, and, 
(b)levitate the droplet for the time required for the analyte 
to react with the analysis liquid and for the change in flu- 
orescence to be detected, because the CDAL is injected 
into a DAS chamber where the humidity is kept high be- 
cause the DAS is airtight, except for a small orifice where 
the CDAL enter, and because CDAL are continually being 
injected into the DAS, and as they evaporate slowly, they 
help keep the humidity high. 

[0038] The aforementioned features, objects, and advantages of 
this method over the prior art will become apparent to 
those skilled in the art from the following detailed de- 
scription and accompanying drawings. 
Brief Description of Drawings 


[0039] | n the drawings: 


[0040] FIG. 1A, IB, and 1C are schematics drawings illustrating 
the APA; 

[0041] FIG. 2. illustrates schematically an embodiment of the re- 
action that takes place in the charged droplet of the anal- 
ysis liquid (CDAL) when analyte is present in a particle 
that collided with the droplet; 

[0042] FIG. 3A-F illustrate schematically the particle-droplet col- 
lision subsystem; 

[0043] FIG 4A and 4B illustrates schematically the droplet analy- 
sis subsystem (DAS); 

[0044] FIG. 5 illustrates schematically another embodiment of the 
APA, one that uses a vertically-oriented linear quadrupole 
and does not include a DAS; and 

[0045] FIG. 6 illustrates schematically another embodiment of the 

APA, one that does not include a DAS. 
Detailed Description 

[0046] Referring to FIG. 1 an aerosol particle analyzer (APA) 100 
is immersed in a gas such as the atmosphere, having par- 
ticles therein. Generally, the particles include many types 
of particles 124, some of which may contain no analyte 
80, and some of which may contain some amount of the 
analyte 80. The particles 124 may be liquid, solid, or a 
mixture of liquid and solid. 


[0047] An analysis liquid 800 is in a reservoir 210 in the droplet 
generator 200. The analysis liquid 800 is chosen to have 
the following property: when the analysis liquid 800 is 
mixed with particles 124, the fluorescence of the analysis 
liquid 800 varies according to the amount of the analyte 
80 in the particles 124, so that the amount of analyte can 
be determined from measurements of the fluorescence. 
No wash steps or separation is allowed, that is, the analy- 
sis liquid 800 used in this present invention must be suit- 
able for a homogeneous assay. 

[0048] The measurement of the analyte 80 in the particles 124 is 
accomplished as follows. The pump draws gas 120 and 
particles 124 into the APA 100 through an induction port 
then through a charger 250 that imparts a negative 
charge to the particles 124, then through the particle- 
droplet-collision subsystem (PDCS) 400, and then ex- 
hausts at least the gas 120 out of an eduction port. The 
charged-droplet generator (CDC) 200 ejects a charged- 
droplet-of-the-analysis-liquid CDAL 150 into the flow of 
gas 120 and particles 124 being drawn into the (PDCS) 
400, with a direction and velocity such that it enters PDCS 
400 substantially along the PDCS axis 402 and then is 
levitated. A Y-connector tube 148 connects the charger 


250 to the PDCS 400 and also connects the CDG 200 to 
the PDCS 400 in a way that allows the CDAL 150 ejected 
from the CDG 200 to enter the PDCS 400 along the PDCS 
axis 402. As the particles flow through the PDCS 400, at 
least some of the particles 124 collide with the CDAL 150 
and combine with it. The polarity of the charge imparted 
to the particles 124 by the charger 250 is the opposite of 
the polarity of the CDAL 150, so that electrostatic forces 
increase the number of the particles 124 that combine 
with the CDAL 150. More than one particle 124 may com- 
bine with the CDAL 150. The charge on the CDAL 150 re- 
mains substantially the same as that of the CDAL 150 
ejected from the CDG 200 because the magnitude of the 
charge on the particles 124 that combine with the CDAL 
150 is substantially smaller than the charge of the CDAL 
150. If one or more of the particle(s) 124 that mix with to 
CDAL 150 contain some analyte 80, the fluorescence of 
the CDAL 150 begins to change in accordance with the 
amount of the analyte 80. After a time, the CDAL 150 is 
ejected by the PDCS 400, and moves into the droplet 
analysis system DAS 600. In the DAS 600 the CDAL 150 is 
levitated for time sufficient for the analyte 80 to react with 
the analysis liquid to generate fluorescence, and then the 


fluorescence of the CDAL 150 is measured. The amount of 
the analyte 80 in the particles that collided with the CDAL 
150 is determined from this measured fluorescence. When 
the CDAL 150 is ejected, the CDG 200 injects another 
CDAL 150 into the PDCS 400. A computer, controller, 
voltage sources and electronics subsystem (CCVSES) con- 
trols the timing of the generation of the CDAL 150, the 
motion of the CDAL 150, and the measurement of the flu- 
orescence and the determination of the amount of analyte 
from that measured fluorescence. 
[0049] By using only a small amount of the analysis liquid 800, 
i.e., the amount of analysis liquid 800 in a CDAL 150, for 
each measurement, the APA 100 satisfies one objective of 
the APA 100. By keeping the CDAL 150 levitated from the 
time of generation of the CDAL 150 to the time of mea- 
surement of the fluorescence, the APA 100 avoids contact 
of the CDAL 150 with any surface, and thereby eliminates 
cross contamination and reduces the need for replacing 
expendable items, thereby satisfying another objective of 
the APA 100. By separating the PDCS 400, in which the 
gas 120 flowing past the CDAL 150 may have a very low 
humidity, from the DAS 600, which is airtight except for 
the inlet orifice 632 through which CDAL 150 from the 


PDCS 400 enters, and so the humidity in the DAS 600 can 
be kept high enough that the CDAL 150 evaporates slowly 
enough, that the reaction between the analyte 80 and the 
analysis liquid 800 has time to take place, and so the 
amount of analyte 800 can be determined. 
[0050] | n another embodiment that is similar to FIG. 1A, the CDG 
200 injects the CDAL 150 directly along the PDCS axis 
402 as described in the patent by Arnold, Hendrie and 
Bronk (US Patent Number 5,532,140), which is hereby in- 
corporated by reference, for injecting droplets into a linear 
quadrupole, and then the gas 120 and particles 124 enter 
the PDCS 400 at a small angle relative to the PDCS axis 
402. 

[0051] Another exemplar of the APA 100, illustrated schemati- 
cally in FIG. IB, differs from the APA 100 shown in FIG. 1A 
in the arrangement of the CDG 200 and the PDCS 400. In 
FIG. IB, the charger 250 is positioned below the PDCS 
400, and the flow of the gas 120 is upward. The rate that 
the pump 190 draws gas 120 from the PDCS 400 is ad- 
justed so that the rate of flow of the gas 120 past the 
CDAL 150 is approximately that of the settling velocity of 
the CDAL 150 so that the DC voltage required to levitate 
the CDAL 150 is relatively small. 


[0052] | n another exemplar of the APA 100, illustrated schemati- 
cally in FIG. 1C, a linear- 

quadrupole-in-an-airtight-container (LQ) 140 connects 
on the PDCS 400 at the top. The CDG 200 is connected to 
the bottom of the LQ 140 and injects CDAL 150 into it. 
The output from the charger 250 is also connected to the 
bottom of the LQ 140 through tube 258. The pump 190 
draws the gas 120 upward through the LQ 140, then 
through the PDCS 400 and expels the gas 120 and parti- 
cles that did not combine with CDAL 150 out through the 
eduction port 128. The flow of the gas 120 upward is suf- 
ficiently rapid that the CDAL 150 are pulled upward 
through the LQ 140 by drag forces with a velocity that is 
the difference between the settling velocity of the CDAL 
150 and the velocity of the flow of the gas 120. The parti- 
cles are smaller than the CDAL 150 and so flow past the 
CDAL 150 as it moves upward. Some of the particles 124 
flowing past the CDAL 150 combine with it. FIG. 1C also 
shows an aerosol particle concentrator (APC) 290. The 
APC 290 concentrates particles 124 in the gas 120 so that 
lower concentrations of particles 124 that contain analyte 
80, as well as particles 124 that contain lower concentra- 
tions of analyte 80 can be analyzed. For the APC 290, this 


exemplar uses the XMX concentrator sold by Dycor, Inc. 
The gas 120 and particles 124 exit from the APC 290 
through a nozzle 296 that is positioned in the center of a 
sheath-flow tube 298 which provides a means to keep the 
particles 124 concentrated by the APC 290 from dispers- 
ing and so that these particles 124 can be kept near the 
axis of the LQ 140. The sheath flow enters through a valve 
294 that is used to control the sheath flow rate. FIG. 1C 
also shows a particle counter 280, which is connected to 
the inlet 126 so that it can sample a part of the gas 120 
and particles 124 entering the APC 290. The exhaust from 
the particle counter 280 exits through the particle counter 
exhaust port 282. The particle counter 280 measures the 
number concentration of particles 124, and it estimates 
the sizes of these particles 124. From this information, 
once the APA 100 system is calibrated, the volume of the 
particles 124 that combine with the CDAL 150 to form the 
CDAL 150 is determined so that the average amount of 
analyte 80 per volume of the particles 124 that combined 
with the CDAL 150 can be determined. 
[0053] The charger 250 imparts a charge to the particles 124 
drawn through it. In a preferred embodiment, particles 
124 exiting the charger 250 are negatively charged. In 


one embodiment the charger 250 is of the corona-dis- 
charge type as described by R. Vehring, C. L Aardahl, G. 
Schweiger and E.J. Davis, "The characterization of fine 
particles originating from an uncharged aerosol: size de- 
pendence and detection limits for Raman analysis," Jour- 
nal of Aerosol Science, 29, 1045-1061 (1998), especially 
pp. 1048-1050, and p. 1057, and by C. L. Aardahl, et al., 
Electrodynamic trapping of aerocolloidal particles: experi- 
mental and theoretical trapping limits," Journal of Colloid 
and Interface Science, 192, 228-237 (1997), both herein 
incorporated by reference, especially pp. 231-233. In an- 
other preferred embodiment, alternating-current corona 
charging is used to impart more charge per particle 124 
with fewer particles 124 lost, as described by M. 
Lakowski, "Unipolar charging of aerosol particles in alter- 
nating electric field," Journal of Electrostatics, 51-52, 
225-231 (2001), especially Figure 2 on page 228 of that 
paper and the description of the apparatus on p. 227 and 
228, both of which are herein incorporated by reference. 
[0054] FIG. 2 illustrates schematically one embodiment of the re- 
action that takes place in the CDAL 150 when analyte 80 
is present in the particle 124 that combined with the 
CDAL 150. FIG. 2 shows how the fluorescence of the anal- 


ysis liquid 800 changes, so that the fluorescence of the 
CDAL 150 varies with the amount of analyte 80 in the par- 
ticles 124 that combined with the CDAL 150. The example 
shown in FIG. 2 is a variation of that shown in Figure 6 of 
an article by R. L. Nutiu and Y. F. Li, "Structure-switching 
signaling aptamers," Journal of the American Chemical 
Society, 125, 4771-4778 (2003), (herein incorporated by 
reference, especially their Figure 6A) In FIG. 2, the struc- 
ture-switching signaling aptamer 820 is comprised of: (i) 
an aptamer (MAP) 822 chosen because it binds selectively 
to the analyte 80, (ii) a DNA oligonucleotide, Stem-2 824, 
which is covalently linked to the MAP 822; (iii) a DNA 
oligonucleotide, Stem-1 826 that is covalently linked to 
Stem-2 822; (iv) a fluorophore (F) 828; (v) DNA oligonu- 
cleotide (FDNA) 830 that is linked to the fluorophore 828; 
(vi) a quencher (Q) 832; and (vii) a DNA oligonucleotide 
(QDNA) 834 that is linked to the quencher 832. The FDNA 
830 forms the DNA duplex with Stem-2 822. The QDNA 
834 forms the DNA duplex with Stem-1. In this structure- 
switching signaling aptamer 820, the fluorophore 828 and 
the quencher 832 are held near each other and the 
quencher 832 quenches the fluorescence of the fluo- 
rophor 828, so that the fluorophor 828, fluoresces very 


weakly if at all. When the analyte 80 is present, the MAP 
822 of the structure switching signaling aptamer 820 
binds to the analyte 80 as illustrated in FIG. 2, and 
thereby releases the FDNA 830 so that the fluorophore 
828 is no longer quenched, and can fluoresce brightly. 
The reaction illustrated in FIG. 2 differs from that shown 
in Fig. 6A of Nutiu and Li, in that the F 828 and Q 832 are 
interchanged so that the FDNA 832 diffuses relatively 
rapidly, even in cases where the analyte 80 has a high 
molecular weight. The FDNA 830 can diffuse throughout 
the CDAL 150 even if the analyte 80 is a bound to the sur- 
face of the particle 124 and the particle 124 is too large to 
diffuse significantly. This ability of the fluorophore 828 to 
diffuse relatively rapidly throughout the CDAL 150 is im- 
portant because otherwise it can be much more difficult to 
measure the amount of the fluorophor (F) that is un- 
quenched in the CDAL 150 (see e.g., S. C. Hill et al., 
Simulation of single-molecule photocount statistics in 
microdroplets," Analytical Chemistry, 70, 2964-2971 
(1998)). For cases where the analyte 80 is an oligonu- 
cleotide, the approach illustrated in FIG. 2 is used in one 
exemplar, but for these analytes 80 the aptamer (MAP) 
822 is an oligonucleotide that is complementary to the 


analyte 80. 

[0055] Referring again to FIG. 1A, IB, and 1C, the charged- 
droplet generator (CDG) 200 ejects a charged- 
droplet-of-the-analysis-liquid CDAL 150 when the 
CCSVES sends it a signal. In one embodiment, the CDG 
200 is as described by Arnold et al. (US Patent 5,532,140, 
column 4). In the preferred embodiment the CDAL 150 is 
positively charged because the particles 124 in the pre- 
ferred embodiment are given a negative charge by the 
charger 100. 

[0056] FIGS. 3A, 3B, 3C, and 3D illustrate an exemplar of the 
PDCS 400 that is suitable for the APA 100 illustrated in 
FIG 1A. This PDCS 400 includes a linear quadrupole of the 
PDCS (LQ-PDCS) 410, that is positioned horizontally, to 
levitate the CDAL 150 and to focus particles 124 near the 
CDAL 150 so that collisions between CDAL 150 and the 
particles 124 are more likely. The PDCS 400 also includes 
an upstream ring 420 and a downstream ring 422 that 
surround the LQ-PDCS 410, a plate 440, holes 442 in the 
plate 440 that the gas 120 passes through on its way to 
the pump 190, and a PDCS-container 450. The PDCS con- 
tainer 450 is substantially airtight except for orifices 448: 
an entrance orifice 448A, here used to receive particles 


124 from the charger 250 and CDAL 150 from the CDG 
200, and so in this embodiment the charged-droplet in- 
put to the PDCS and the charged-particle input to the 
PDCS are identical; an PDCS-exit-orifice 448B through 
which CDAL 150 moves into the DAS 600; and a pump 
orifice 448C to remove the gas 120 that is drawn through 
the pipe 446 that connects to the pump 190. The pump 
190 draws gas 120 from the PDCS-exit-orifice 448C so 
that the gas 120 and particles 124 flow around the levi- 
tated CDAL 150. The plate 440 has holes such that the 
gas 120 that is drawn into PDCS 400 and out through the 
PDCS-exit-orifice 448C flows in a manner that is substan- 
tially uniform about the PDCS axis 402, so that the gas 
120 does not substantially push the CDAL 150 or particles 
124 in a direction perpendicular to the PDCS axis 402. 
The voltages applied to the LQ-PDCS 410 are similar to 
those described in Izmialov et al., cited above. 
[0057] The voltages applied to the rings 420 and 422 are of the 
same polarity as the CDAL 150, in order to hold the CDAL 
150 in the LQ-PDCS 410. When it is time to eject the 
CDAL 150 from the LQ-PDCS 410, the voltage applied to 
the downstream ring 422 is removed so that the CDAL 
150 is repelled by the charges on the upstream ring 420 


toward the DAS 600. Once the CDAL 150 passes the 
downstream ring 422 as it moves toward the DAS 600, the 
positive voltage is applied again to the downstream ring 
422, in order to further propel the CDAL 150 toward the 
DAS 600, and also to be ready to hold the next CDAL 150 
injected into the PDCS 400. 
[0058] FIG. 3E illustrates another exemplar of the PDCS 400 that 
is suitable for use with the APA 100 shown in FIG. IB. In 
addition to most of the components illustrated in FIG. 3A, 
this PDCS 400 includes a cubic EDB (CEDB) 460 of the type 
described by E. E. Allison and B. R. F. Kendall, "Cubic elec- 
trodynamic levitation trap with transparent electrodes," 
Reviews of Scientific Instruments, 67, 3806-3812 (1996), 
especially Figs. 1 and 2, p. 3807, and the CEDB used by R. 
A. Shaw, D. Lamb, and A. M. Moyle, "An Electrodynamic 
Levitation System for Studying Individual Cloud Particles 
under Upper-Tropospheric Conditions, "J ournal of Atmo- 
spheric and Oceanic Technology, 17, 940-948 (2000), 
both herein incorporated by reference. In FIG. 3E, the 
CEDB is aligned so that only one of the six CEDB elec- 
trodes 464 is visible. In the work of Kendall et al., and 
Shaw et al., referenced above, the electrode can take up 
the whole side of the cube, with only small spacer regions 


between these electrodes, and small holes can be cut in 
these electrodes without causing droplets to be levitated 
substantially less well. In the exemplar illustrated in FIG. 
3E, the CDAL 150 is levitated in the CEDB 460 while the 
gas 120 and particles 124 flow past it so that the CDAL 
150 and particles 124 can collide. To levitate the CDAL 
150 for collisions with the particles 124, the voltages on 
the OEDB 460 are as described by Shaw et al. (2000) ref- 
erenced above, that is, alternating current (AC) voltages 
are applied to those electrodes 464 that are parallel to the 
vertical direction, shown with a z-axis 406, while only di- 
rect current (DC) voltages are applied to the electrodes 
perpendicular to the z axis 406. Once it is time to eject 
the CDAL 150, the voltages applied to the CEDB are 
switched so that the AC voltages are applied to the four 
electrodes that are parallel to the z axis 406, and DC volt- 
ages are applied to the electrodes perpendicular to the z 
axis so that the CDAL 150 is pushed toward, and then into 
the LQ-PDCS 410. Then the CDAL 150 is ejected from the 
LQ-PDCS 410 into the DAS 600 as described above. Levi- 
tation of the CDAL 150 while the flow of the gas 120 is 
upward requires a smaller DC voltage to counter the grav- 
itational force on the CDAL 150, and so the voltages ap- 


plied to the electrodes 464 are smaller, and so the DC 
fields that push both the CDAL 150 and the particles 124 
are smaller. Also in FIG. 3E is a laser diode 490 to illumi- 
nate the CDAL 150 and a video camera 492 to monitor the 
position of the CDAL 150 so that the voltages applied to 
the electrodes 460 can be adjusted to stabilize the parti- 
cle position as described by D. Lamb, A. M. Moyle, and W. 
H. Brune, "The Environmental Control of Individual Aque- 
ous Particles in a Cubic Electrodynamic Levitation System," 
Aerosol Science and Technology, 24, 263-278 (1996), es- 
pecially p. 265, herein incorporated by reference. FIG. 3F 
illustrates another exemplar of the PDCS 400 that is suit- 
able for use with the APA 100 shown in FIG. 1C. It does 
not include the plate 440 of the PDCS shown in FIG. 3E. 
[0059] FIG. 4A illustrates schematically one embodiment of the 
DAS 600. FIG. 4A includes components such as a linear 
quadrupole of the DAS (LQ-DAS) 610; a multiplicity of 
DAS rings 620 that surround the LQ-DAS 610; and a DAS 
container 650. The DAS container 650 is substantially air- 
tight except for a DAS input orifice 632 through which the 
CDAL 150 moves from the PDCS 400 into the DAS 600. 
FIG. 4A also includes components such as a laser diode 
(LD) 670 to excite fluorescence in the CDAL 150, an LD- 


lens 672 to direct the emission from the LD 670 to at 
least one CDAL 150; a detector lens 678; a photodetector 
array 682 to detect the fluorescence; and a detector filter 
680 to block the emission from the LD 670 from reaching 
the photodetector array 682. 
[0060] Typically, multiple CDAL 150 are levitated between the 
second DAS ring 620B and the third DAS ring 620C, and 
these CDAL 150 are separated somewhat uniformly be- 
cause they are uniformly charged and repulse one an- 
other. The holding region 622 is the region between the 
second DAS ring 620B and the third DAS ring 620C. The 
fluorescence of the CDAL 150 levitated between the third 
DAS ring 620C and the fourth DAS ring 620D is measured 
when the number of CDAL 150 between these DAS rings 
620C and 620D is constant. The measurement region 624 
is the region between the third and fourth DAS rings 620C 
and 620D. 

[0061] | n the embodiment described here the CDAL 150 is posi- 
tively charged. Most of the time the potential applied to 
the first DSA ring 620A is positive so that CDAL 150 levi- 
tated near the axis of the DAS 600 are repulsed if they 
move toward the inlet. When a CDAL 150 is ejected from 
the PDCS 400 toward the DAS 600, the voltage of the first 


DAS ring 620A is lowered briefly so that the CDAL 150 can 
enter the DAS 600. That CDAL 150 is then held between 
the first DAS rings 620A and the second DAS ring 620B. 
Then the voltage of the first DAS ring 620A is raised while 
the voltage on the second DSA ring 620B is lowered, so 
that the CDAL 150 is pushed toward the measurement re- 
gion 624, and the voltages of the third and fourth DAS 
rings 620C and 620D are also lowered so that the CDAL 
150 in the holding region 622 that is nearest the third 
DAS ring 620C enters the measurement region 624 and 
the CDAL 150 nearest the fourth DAS ring 620D moves 
out of the measurement region 624 and into a receptacle 
690 where it is held, along with all the other CDAL that 
enter the receptacle 690 for possible further analysis. 
[0062] The emission from the laser diode (LD) 670 is focused by 
the LD-lens 672, so that this emission somewhat uni- 
formly illuminates the CDAL 150 in the measurement re- 
gion 624 and excites fluorescence in the CDAL 150. The 
detector filter 680 passes the fluorescence emission from 
the CDAL 150 and blocks the emission from the LD 670. 
The fluorescence emission from the CDAL 150 passes 
through the detector filter 680 and is imaged by the de- 
tector lens 678 onto the detector array. The CCVSE reads 


these fluorescence values from the photodetector array 
682. There are as many measurements of the fluorescence 
of each CDAL 150 as CDAL 150 levitated in the measure- 
ment region 624 at any time. These multiple measure- 
ments are used to ascertain any time-dependent varia- 
tions of the fluorescence measured which may occur if the 
reaction between the analyte 80 and the analysis liquid 
800 is not essentially complete by the time the CDAL 150 
reaches the measurement region 624, or if the fluo- 
rophore 828 has not diffused sufficiently so that the fluo- 
rescence of the CDAL 150 varies only little as the CDAL 
150 rotates. 

[0063] FIG. 4B illustrates schematically another exemplar of the 
DAS 600. In addition to the components of FIG. 4B, it in- 
cludes deflection plates 640 and two receptacles 690 so 
that CDAL 150 ejected from the LQ-DAS 610 can be 
sorted by applying voltages to the deflection plates 640, 
in order to sort CDAL 150 having a greater fluorescence 
from those having a lesser fluorescence. This exemplar of 
the DAS 600 also includes a shutter 630 in front of the 
DAS orifice 632. This shutter 630 is closed most of the 
time, but is opened briefly when a CDAL 150 is ejected 
from the PDCS 400 into the DAS 600. This shutter helps to 


maintain the high humidity in the DAS 600. Also shown in 
FIG. 4B is a water level sensor that senses the level of wa- 
ter in the container, and a water pump that pumps a small 
amount of water into the bottom of the container when 
the water level drops below the required level, so as to 
keep the humidity in the chamber high enough that the 
evaporation of the CDAL 150 is not rapid. 
[0064] Another exemplar of the APA 100 is shown in FIG. 5. A 
vertically oriented linear quadrupole (LQ) 910 is sur- 
rounded by an airtight container 920 that is connected 
below to the charger 250 and CDG 200, and is connected 
above to a tube 924 that is connected to an impactor 930 
which is connected to a pump 190. Impactors are dis- 
cussed, for example, in W. C. Hinds, Aerosol Science and 
Technology: Properties Behavior and Measurement of Air- 
borne Particles (Wiley, New York, 1982), especially pp. 
113-124, included herein by reference,. The pump 190 
lowers the pressure in the tube and the top of the LQ 910 
so that the CDAL 150 and particles 124 are drawn upward 
through the LQ 910 and are focused substantially near the 
axis of the LQ 910 so that the particles and CDAL 150 
tend to combine with each other as they travel upward 
through the LQ 910 so that the fluorescence of the CDAL 


150 can change according to the amount of the analyte 80 
in the particles 124. A laser diode 990, a filter 992, a 
photodetector 994 and lenses 996 are used to measure 
the fluorescence of the CDAL as it exits the LQ 910 so 
that the amount of analyte in the particles can be deter- 
mined. Because this exemplar shown in FIG. 5 has no DAS 
600, this exemplar is applicable to combinations of parti- 
cles 124, analytes 80, and analysis liquids 800 for which 
the reactions between the particle 24 and the CDAL 150 
occur relatively quickly, for example in a case where the 
analyte 80 is known to occur in particles 124 that are liq- 
uid, or in cases where the analyte 124 occurs in a high 
concentration in the particles 124, and the analyte 80 dis- 
solves especially quickly in the analysis liquid 800, and 
the required accuracy for the measurement of the amount 
of analyte 80 is not too high. 
[0065] Another exemplar of the APA 100 is shown in FIG. 6. The 
CDAL 150 is injected from the CDG 250 into a particle- 
droplet-collision-and-analysis subsystem (PDCAS) 950 
where it is levitated by a CEDB 460 and combines with 
particles 124 that are have been drawn through the 
charger 250. A laser diode 990, a filter 992, a photode- 
tector 994, and lenses 996 are used to measure the fluo- 


rescence of the CDAL 150 as the CDAL 150 is levitated in 
the PDCAS 950. The APA 100 in FIG. 6 is similar to that il- 
lustrated in FIGS. IB and 1C, with the major difference be- 
ing that there is no DAS 600 to keep the humidity high in 
order to reduce the evaporation rate of the CDAL 150. Be- 
cause there is no DAS 600 in the exemplar shown in FIG. 
6, this exemplar is applicable to combinations of particles 
124, analytes 80, and analysis liquids 800 for which the 
reactions between the particle 24 and the CDAL 150 occur 
relatively quickly, for example in a case where the analyte 
80 is known to occur in particles 124 that are liquid, or in 
cases where the analyte 124 occurs in a high concentra- 
tion in the particles 124, and the analyte 80 dissolves es- 
pecially quickly in the analysis liquid 800, and the re- 
quired accuracy for the measurement of the amount of 
analyte 80 is not too high. 
[0066] Although only the measurement of the fluorescence in- 
tensity is described here in detail, other fluorescence 
properties such as the fluorescence polarization, the fluo- 
rescence spectrum, and the fluorescence lifetime can also 
be used in some embodiments of the APA 100, and meth- 
ods for measuring these properties are well enough 
known, that more does not need to be stated here. Also, 


methods for measuring other optical properties such as 
the light scattering properties of intensity, polarization, 
spectral intensity, and angular-dependent intensity have 
been described by many researchers. 

[0067] Although various preferred embodiments of the present 
invention have been described herein in detail to provide 
for complete and clear disclosure, it will be appreciated by 
those skilled in the art that variations may be made 
thereto without departing from the spirit of the invention 
or the scope of the appended claims. 

[0068] | claim: 


